Background: REV-ERB activity is regulated by the endogenous porphyrin agonist, heme. Results: REV-ERB binds other porphyrin ligands, including CoPP and ZnPP, which function as REV-ERB antagonists. Conclusion: Differential regulation of REV-ERBs by porphyrins with different metal centers indicates that REV-ERB function is sensitive to the metal center. Significance: Antagonist porphyrin ligands may be useful chemical tools for probing the function of REV-ERBs.
REV-ERB␣ and REV-ERB␤ are members of the nuclear receptor (NR) superfamily of ligand-regulated transcription factors that play important roles in the regulation of circadian physiology, metabolism, and immune function. Although the REV-
ERBs were originally characterized as orphan receptors, recent studies have demonstrated that they function as receptors for heme. Here, we demonstrate that cobalt protoporphyrin IX (CoPP) and zinc protoporphyrin IX (ZnPP) are ligands that bind directly to the REV-ERBs. However, instead of mimicking the agonist action of heme, CoPP and ZnPP function as antagonists of REV-ERB function. This was unexpected because the only distinction between these ligands is the metal ion that is coordinated. To understand the structural basis by which REV-ERB␤ can differentiate between a porphyrin agonist and antagonist, we characterized the interaction between REV-ERB␤ with heme, CoPP, and ZnPP using biochemical and structural approaches, including x-ray crystallography and NMR. The crystal structure of CoPP-bound REV-ERB␤ indicates only minor conformational changes induced by CoPP compared with heme, including the porphyrin ring of CoPP, which adopts a planar conformation as opposed to the puckered conformation observed in the heme-bound REV-ERB␤ crystal structure. Thus, subtle changes in the porphyrin metal center and ring conformation may influence the agonist versus antagonist action of porphyrins and when considered with other studies suggest that gas binding to the iron metal center heme may drive alterations in REV-ERB activity.
The nuclear receptors (NRs) 6 REV-ERB␣ and REV-ERB␤ regulate a number of physiological functions including circadian rhythm, lipid metabolism, cellular differentiation, and muscle endurance (1) (2) (3) (4) (5) . The REV-ERBs were originally identified as orphan receptors due to the lack of an identifiable physiological ligand (6, 7) . The REV-ERBs lack the activation function-2 region that is associated with the ability of NRs to recruit coactivators and activate target gene transcription (8, 9) . Thus, REV-ERBs were thought to be constitutive repressors of transcription based on their ability to recruit corepressor proteins and suppress target gene transcription. Recently, we and others identified the porphyrin heme as a physiological agonist for both REV-ERBs (4, 10) . Heme binds directly to the REV-ERB ligand-binding domain (LBD) and regulates the ability of REV-ERBs to recruit NR corepressors such as NCoR to target gene promoters and repress transcription of downstream genes (4, 10) . A crystal structure of heme bound within the ligand-binding pocket of REV-ERB␤ has also been described confirming these biological observations (11) . The apparent constitutive repressor effect previously noted for the REV-ERBs is most likely due to the fact that all cells have some level of intracellular heme present, thus providing the ligand-dependent repression activity of these receptors.
The first synthetic REV-ERB␣ agonist (GSK4112, also known as SR6452) was soon after described and displayed activity in altering the circadian rhythm in a cell-based system, but unfortunately displayed unfavorable pharmacokinetic properties that limited further development (12) . We further characterized GSK4112 as a dual REV-ERB␣/REV-ERB␤ agonist that activated REV-ERB activity in cell-based models of adipogenesis (13) . We also described the first REV-ERB antagonist, SR8278, which was developed based on the GSK4112 scaffold (14) . These studies suggested that the REV-ERBs are tractable targets for development of improved synthetic ligands that may have the ability to modulate REV-ERB-dependent physiological processes including circadian rhythm and metabolism. Indeed, we recently characterized the pharmacological effects in vivo of two newer synthetic REV-ERB agonists also derived from GSK4112 that modulate circadian behavior and a range of metabolic effects including increased energy expenditure and reduced plasma lipids (5, 15) .
The physiological REV-ERB ligand, heme, is a prosthetic group that consists of a heterocyclic porphyrin ring with an iron ion metal center. Heme is an essential component of a range of proteins including oxygen transport proteins such as hemoglobin and myoglobin as well as the cytochrome P450 enzymes where the heme moiety carries out electron transport. Beyond heme, there is an array of additional porphyrin compounds that have been synthesized and/or are found naturally in cells depending on the physiological metal availability in tissues.
Here we demonstrate that cobalt protoporphyrin IX (CoPP) and zinc protoporphyrin IX (ZnPP) also bind to REV-ERBs. CoPP and ZnPP are identical to heme except for the replacement of the iron metal center with a cobalt or zinc ion. We demonstrate that this subtle modification switches the activity of the porphyrin from a REV-ERB agonist (heme) to an antagonist (CoPP and ZnPP). We used structural, biochemical, and biophysical approaches to characterize the interaction of these porphyrins with REV-ERB␤. Because CoPP in particular has been shown to display in vivo efficacy including anti-obesity activity (16) , this suggests that porphyrin REV-ERB antagonists may be useful chemical tools to probe REV-ERB function.
EXPERIMENTAL PROCEDURES
Recombinant Protein Expression and Purification-DNA encoding the human REV-ERB␣-LBD (NR1D1; residues 281-614) and REV-ERB␤-LBD (NR1D2; residues 381-579) was amplified by PCR and cloned into the expression vector a pET-46 vector using the Ek/LIC system (EMD Chemicals/Novagen) as a tobacco etch virus protease-cleavable N-terminal His tag fusion protein. Protein was expressed in Escherichia coli BL21(DE3) grown in M9 minimum medium (iron-free to produce apoprotein) at 37°C. When the cell density reached an A 600 of 0.8 -1.0, protein expression was induced with 1 mM isopropyl-1-thio-D-galactopyranoside and grown for 12 h at 16°C and 250 rpm then harvested. Cells were resuspended and lysed, and protein was purified using His-Trap affinity chromatography followed His tag excision by tobacco etch virus and a final purification size exclusion step (S200 GE HealthCare) in buffer containing 50 mM HEPES, pH 7.5, 200 mM NaCl, and 0.5 mM TCEP. Protein was concentrated using 10 K Amicon-Ultra centrifugal filters and quantified measuring A 280 in an Epoch BioTek system. For NMR experiments, REV-ERB␤-LBD was expressed in E. coli BL21(DE3) grown in M9 medium with either [ 15 N]ammonium sulfate as the sole source of nitrogen, [ 13 C]glucose as the sole carbon source, and medium was prepared with ϳ99% deuterium oxide (D 2 O) to produce triple-labeled [ 2 H 13 C 15 N]REV-ERB␤-LBD protein suitable for NMR experiments.
Spectroscopic Analysis of Porphyrin Binding to REV-ERB-Nine different porphyrin containing compounds were purchased from Frontier Scientific: protoporphyrin IX (PPIX), Co(III)PPIX, Cr(III)-mesoporphyryn IX, Cu(II)PPIX, Mg(II)PPIX, Mn(III)IX, N-methyl mesoporphyrin IX, Sn(IV)PPIX, and Zn(II)PPIX. Electronic absorption spectrum for the free form and in complex with REV-ERB␤-LBD(381-579) of these compounds was acquired in a Epoch BioTek system and analyzed with the Gen5 software version 1.11.5. Scans for every porphyrin (5 M) in buffer (50 mM HEPES, pH 7.5, 200 mM NaCl, and 0.5 mM TCEP) were collected between 250 and 700 nm in 0.5-nm steps. REV-ERB␤-LBD(381-579) was added in a 1:3 molar excess to assure the completeness of the complex formation, and scans were collected again after a 2-min incubation at 25°C in the dark.
Circular Dichroism-His-REV-ERB␣-LBD was buffer exchanged (20 mM Tris, pH 8.0, 200 mM NaCl, 5% glycerol) and diluted 9-fold into assay buffer (45 mM Tris, 7.4, 17 mM NaCl, 5% glycerol) resulting in 9 M REV-ERB␣-LBD protein. Equal volumes of CoPP or Heme in 1 M NaOH or 1 M NaOH were added bringing the pH to 8.0 at room temperature. This mixture was continuously monitored at 222 nm via circular dichroism (JASCO J-815 CD Spectrometer) while raising the temperature 1°C/min from 20 to 75-85°C. The melting temperature (T m ) was calculated as the intersection of the melting curve with the midpoint between lines fit to the pre-and post-transition slopes. T m and d H were fit using an in-house fitting algorithm written in Python.
Isothermal Titration Calorimetry-Experiments were carried out on a MicroCal iTC200 calorimeter (GE/MicroCal, Northampton, MA) at 25°C. CoPP powder was dissolved in 100% DMSO at a concentration of 10 mM, heme was prepared similarly, then each was diluted to 500 M (5% DMSO final concentration) in the same buffer as apo-REV-ERB␤-LBD (50 mM HEPES, pH 7.5, 200 mM NaCl, and 0.5 mM TCEP). 5% DMSO was added to the apoprotein sample and the reference buffer, and the pH was evaluated for all (protein, ligand, and reference) before performing ITC. The reaction cell contained 50 M protein (200 l) and was titrated with 19 injections of 2 l of 500 M CoPP or heme. The binding isotherm was fit with a binding model employing a single set of independent sites to determine the thermodynamic binding constants and stoichiometry.
Biochemical Corepressor Peptide Interaction Assay-Thirtythree-residue coregulator peptides designated for NCoR-1 (Biotin-KGGVPRTHRLITLADHICQIITQDFARNQVSSQ) and SMRT-1 (Biotin-KGGVKGHQRVVTLAQHISEVITQDY-TRHHPQQL) were synthesized by Anaspec, Inc. (San Jose, CA). The amino acid peptide sequence design was based on the known amphipathic helical core (CoRNR box) motif. Low capacity streptavidin beads were purchased from Radix Biosolutions (Georgetown, TX). To couple peptides to beads, 50 g/ml working concentrations of peptides were prepared in distilled H 2 O and used to couple to streptavidin beads overnight at 4°C. All bead-peptide conjugates were washed twice with PBS/BSA buffer (10 mM NaH 2 PO 4 , 150 mM NaCl, 0.1% w/v BSA, 2 mM dithiothreitol, pH 7.4) and resuspended in 600 l of PBS/BSA buffer. All bead-peptide conjugates were mixed into a single homogeneous bead mix before addition to the nuclear receptor protein/PentaHis-Alexa Fluor 532 complex. Penta-His-Alexa Fluor 532 antibody (Qiagen) was diluted to a final concentration of 0.8 g/ml in 1ϫ Luminex buffer (25 mM HEPES, 100 mM NaCl, 0.1% BSA, 2 mM dithiothreitol, pH 7.4). For each 96-well Luminex reaction, 10 l of PentaHis-Alexa Fluor 532 antibody was added to 10 l of 25ϫ His-tagged-REV-ERB-LBD proteins being studied. REV-ERB⅐antibody complexes were allowed to form for a minimum of 30 min before addition of 220 l of peptide bead mix. Ten l of 25ϫ cobalt protoporphyrin at each respective concentration was added to the appropriate wells. REV-ERB/NCoR1 and REV-ERB/SMRT-1 peptide interactions were allowed to proceed for ϳ3 h with shaking at room temperature. REV-ERB/NCoR1 and REV-ERB/SMRT-1 interaction data were obtained by xMAP technology using the Bio-Plex 200 system and suspension array platform (Bio-Rad Laboratories). Dose-dependent effects of cobalt protoporphyrin treatment on REV-ERB/NCoR1 and REV-ERB/SMRT-1 interaction data were plotted using GraphPad Prism (GraphPad Inc., La Jolla, CA).
Cell Culture, Cotransfection, RNA Isolation, and Quantitative RT-PCR-HEK293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37°C under 5% CO 2 . HepG2 cells were maintained and routinely propagated in minimum essential medium supplemented with 10% fetal bovine serum at 37°C under 5% CO 2 . Twenty-four hours prior to transfection, HepG2 cells were plated in 96-well plates at a density of 15 ϫ 10 3 cells/well. The PAI-1::luc reporter was constructed by inserting the human PAI-1 promoter (Ϫ867 to ϩ122) into the pTAL-Luc luciferase vector (Clontech). GAL4-REV-ERB␣-LBD, GAL4-REV-ERB␤-LBD, FLAG tag-REV-ERB␣, and FLAG-REV-ERB␤ plasmids were described previously (10, 15) . Transfections contained 100 ng of the pTAL-Luc or pG5 reporter, 50 ng of pGL4.73 (Renilla) reporter, and 50 ng of receptor expression plasmid (GAL4-LBD or FLAG tag-fulllength). Transfections were performed using Lipofectamine 2000 (Invitrogen). Twenty-four hours after transfection, the cells were treated with vehicle or compound. Twenty-four hours after treatment, the luciferase activity was measured using the Dual-Glo luciferase assay system (Promega). The results were analyzed using GraphPad Prism software, and values indicated represent the means Ϯ S.E. from four independently transfected wells. The experiments were repeated at least three times.
RNA was isolated using the RNeasy kit (Qiagen) and quantified. Gene expression was determined using an ABI PRISM 7700 sequence detector (Applied Biosystems) and a SYBR Green detection system (Roche Applied Science). A standard curve was generated using cDNA pooled from the experimental samples. Relative expression levels were determined by normalization to cyclophilin B and expressed as arbitrary units.
Crystallography-Crystallization conditions were screening for REV-ERB␤-LBD bound to CoPP by sitting drop vapor diffusion using previous reported reservoir solution for REV-ERB␤-LBD bound to heme crystal structure (11) . Crystals of REV-ERB␤-LBD bound to CoPP (added at a 2 molar excess) were obtained by equilibrating 1 l of the CoPP-bound protein (15 mg/ml) with 1 l of the reservoir solution containing 1.7 M ammonium sulfate, 4% Jeffamine, and 0.1 M Tris, pH 8.5. Initial crystals grew with in 5 days at 20°C and diffracted at 3.2 Å resolution. These crystals were further optimized by microseeding into reservoir solution containing 1.4 M ammonium sulfate, 4% Jeffamine, and 0.1 M Tris, pH 8.5, in a ratio of protein-CoPP:reservoir solution (1:0.7) to obtain final crystals diffracting at 1.8 Å resolution. For data collection, crystals were cryoprotected by addition of 20% (v/v) glycerol and flash-frozen by immersion in liquid nitrogen. Crystals of REV-ERB␤-LBD bound to CoPP belong to the primitive orthorhombic system, space group P2 1 2 1 2, with one molecule/asymmetric unit corresponding to a solvent content of 54%. Diffraction data from a single crystal of the complex were collected in a Micro-max007-HF x-ray generator equipped with the MAR345 detector installed on a MAR345dtb table at The Scripps Research Institute Florida. Data were integrated using iMOSFLM (17) and scaled using SCALA in the CCP4 suite of programs (18) . The structure was determined by molecular replacement using Phaser (19) and previously reported REV-ERB␤-LBD-heme structure (PDB ID code 3CQV) (11) as search model. To avoid bias of our maps, all water molecules and the heme ligand were excluded. The initial model obtained was improved by several cycles of refinement using PHENIX (20) , and model manual building was carried out in Coot (21) . At the last stage of refinement, we also applied the translation-libration-screw (TLS). The coordinates and structure factors have been deposited in the RCSB Protein Data Bank as entry 4N73. Structure figures were produced using PyMOL and chimera software for the B-factor color surface (22) .
NMR Spectroscopy-NMR data were collected at 298 K on a Bruker spectrometer at 700 MHz 1 H frequencies equipped with a TXI probe. The proton carrier frequency was set coincident with the water resonance for all experiments. Backbone assignments for the apo-REV-ERB␤ or bound to zinc(II) protoporphyrin IX (ZnPP, 1:2 ratio) were obtained using three-dimensional NMR experiments available in Bruker Topspin 3.0, including TROSY versions of the HNCO, HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB, as well as 15 N-NOESY-HSQC, using 2 H, 13 C, 15 N-labeled REV-ERB␤-LBD (1.2 mM). Data were processed with Topspin and analyzed by NMRview (23) . The NMR sample buffer contained 20 mM potassium phosphate, pH 7.4, 50 mM potassium chloride, and 0.5 mM TCEP. Ligands were added from DMSO stock solutions.
Statistical Analysis-All data are expressed as the mean Ϯ S.E. (n ϭ 3 or more). Statistical evaluation was performed using one-way analysis of variance followed by Dunnet's or Tukey's post hoc test.
RESULTS

A Screen Identifies Porphyrin-Metal Compounds That Bind
to REV-ERB-To determine whether porphyrins other than heme are capable of binding to REV-ERB, we performed a UV/visible electronic absorption assay to evaluate the ability of REV-ERB to interact with nine porphyrin metal derivatives. CoPP and ZnPP (Fig. 1A) specifically formed a complex with REV-ERB␤-LBD as observed by the shift of the soret peak from the free porphyrin form to the REV-ERB complex (Fig. 1, B and C, respectively). Other metal-porphyrin derivatives that did not significantly change the absorption spectrum include protoporphyrin IX, Cr(III) mesoporphyrin IX, Cu(II) protoporphyrin IX, Mg(II) protoporphyrin IX, Mn(III) protoporphyrin IX, N-methyl mesoporphyrin IX, and Sn(IV) protoporphyrin IX (data not shown). ITC also demonstrates binding of CoPP (K D ϭ 2.56 M) with and heme (K D ϭ 353 nM) ( Fig. 1D) . Notably, the affinity of heme for REV-ERB␤ that we determined is higher than the K d we previously reported (2.07 M) (10). As we explain below, the likely source of this difference is the shorter LBD fragment we used in our experiments here, which does not aggregate like the full-length REV-ERB-LBD used in our prior studies. We also observed that dialysis of the heme-bound REV-ERB␤-LBD fragment does not exchange away heme as easily as the full-length LBD, which is consistent with the higher heme affinity observed in our ITC data here. Of note, the ITC determined heme affinity for this shorter LBD fragment is lower than previously reported absorbance-based affinities (16 -117 nM) for various redox forms of the full-length REV-ERB␤-LBD (24) . This indicates there is likely an effect, although not dramatic, of the smaller LBD construct on binding affinity. Nuclear receptors typically display increased thermal stability when bound to a ligand. This can be detected by an increase in T m detected in a thermal melt protein-unfolding assay moni- tored by CD spectroscopy. We previously demonstrated that heme binding causes an increase in the melting temperature of the REV-ERB-LBD (10) . CoPP also causes an increase in melting temperature (T m ϭ 65°C) relative to apo-LBD (T m ϭ 47.7°C) ( Fig. 1E ). Based on these data indicating that CoPP binds to the REV-ERB-LBD, we tested the ability of CoPP to induce a conformational change in the receptor that might result in an alteration in the ability to recruit a corepressor protein. We performed a biochemical corepressor peptide recruitment assay using Luminex technology (10) . CoPP dose-dependently inhibited the interaction of the REV-ERB-LBD with corepressor peptides (Fig. 1F ). Thus, CoPP binds to the REV-ERB-LBD and induces a conformational change that alters the ability of the receptor to interact with biologically relevant factors. Interestingly, even though heme acts as an agonist in cells causing REV-ERB to recruit NCoR and suppression of target gene transcription, in biochemical assays such as Luminex (10) or TR-FRET (25) the natural porphyrin agonist, heme, causes a decrease in corepres-sor peptide recruitment. This appears to be a unique feature of heme as synthetic agonists that induce NCoR recruitment in a cellular context cause an increase in corepressor peptide binding in biochemical assays in contrast to heme (13) . Thus, based on the effects of CoPP in this experiment and its structural similarity to heme, we could not predict whether this compound would function as a REV-ERB agonist or antagonist. Thus, we turned to cell-based assays to determine the functional effect of these porphyrins on REV-ERB activity.
Cobalt Protoporphyrin IX and Zinc Protoporphyrin IX Are REV-ERB Antagonists-To clarify the biological action of CoPP and ZnPP on REV-ERB function, we performed a cell-based cotransfection assay using GAL4-REV-ERB chimeric receptors along with a luciferase reporter with a multimerized GAL4binding element in the promoter (10) . Addition of CoPP results in increased transcription of the luciferase reporter ( Fig. 2A 
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some level of constitutive activity resulting in suppression of target genes; thus, addition of a porphyrin antagonist, even without addition of an exogenous agonist, results in an increase in transcriptional activity. REV-ERB regulates gene transcription after binding to specific DNA sequences in the promoter of REV-ERB target genes. To further characterize the activity of CoPP on REV-ERB function, we assessed the ability of CoPP to modulate the expression of target gene expression. PAI-1, also known as endothelial plasminogen activator inhibitor, is a REV-ERB target gene (26) . We placed a fragment of the PAI-1 promoter upstream of a luciferase reporter and cotransfected this plasmid into HEK293 cells along with REV-ERB␣; CoPP dose-dependently increased transcription of this PAI-1 promoter reporter (Fig. 2B) , consistent with CoPP functioning as a REV-ERB antagonist. In HepG2 cells, which express REV-ERB␣ endogenously, endogenous levels of heme acting on REV-ERB␣ maintain a tonic suppression of target genes, and addition of CoPP resulted in an increase in expression of these genes due to blocking of the action of the endogenous agonist, heme (Fig. 2C ). These data are consistent with our hypothesis that CoPP regulates REV-ERB function acting as an antagonist of REV-ERB activity.
CoPP might also be expected to have indirect effects on REV-ERB activity due to its effects on a key enzyme that regulates heme degradation, heme oxygenase (HMOX1). CoPP induces HMOX1 gene expression resulting in a decrease in intracellular heme levels (27) , which would presumably result in loss of REV-ERB-mediated transcriptional repression. Two lines of evidence suggest that the CoPP effects we observed on REV-ERB function in our cotransfection assays are not indirect via HMOX1. First, our screen identified that ZnPP also binds to REV-ERB. ZnPP also functions as REV-ERB antagonists in a cell-based luciferase cotransfection assay (Fig. 2D ). However, whereas CoPP is an inducer of HMOX1 activity, ZnPP is an inhibitor of HMOX1 activity (28) . If HMOX1 plays an indirect role in regulating REV-ERB function in our assays, then CoPP and ZnPP would be expected to give different REV-ERB functional responses, but they display the same functional response (REV-ERB antagonism). Second, to help differentiate the potential effects of loss of heme-dependent repression versus direct antagonism of REV-ERB, we performed an additional cotransfection experiment as described above, but we added a synthetic REV-ERB agonist, SR9011 (15) and assessed the ability of CoPP to block the SR9011-dependent suppression of REV-ERB target gene expression ( Fig. 2E ). Addition of saturating amounts of SR9011 suppressed the basal transcriptional activity (normalized luciferase activity below a value of 1) as would be expected for an REV-ERB agonist, and titration of CoPP resulted in a dose-dependent loss of the suppression due to SR9011. Additionally, there was a further increase in transcription, presumably due to CoPP antagonizing the action of endogenous heme functioning.
It is noteworthy to mention that CoPP and ZnPP concentrations required to elicit a functional response in these cell-based assays are higher than the dissociation constant (K d ) for REV-ERB that we determined biophysically via ITC and biochemically via Luminex using purified protein. There are several possible explanations for this, including differences in redox environment in the cells versus the more controlled biophysical and biochemical experiments, which could change the binding affinity of the porphyrins for REV-ERB. In addition, all cells contain endogenous heme, and the binding affinity of heme for REV-ERB is much higher than that for CoPP or ZnPP. Thus, concentrations of CoPP and ZnPP that are higher than their K d would be required to compete with heme and elicit a functional response.
Crystal Structure of CoPP-bound REV-ERB␤-To understand the function of CoPP as a REV-ERB antagonist, we determined a high resolution crystal structure of a C-terminal fragment REV-ERB␤-LBD (residues 381-576) bound to CoPP (Table 1) . Importantly, we verified that CoPP inhibited CoRNR box recruitment for this C-terminal fragment using a Luminex biochemical assay (data not shown) in which we observed results similar to those obtained for the full-length LBD. The resolution of the CoPP-bound REV-ERB␤ structure is similar to the resolution reported for heme-bound REV-ERB␤ (PDB ID code 3CQV; solved to 1.9 Å) and comprises the same structural elements for ligand binding and recognition (11, 29) , which provides confidence to compare the two structures directly.
The overall domain structures of heme-bound and CoPPbound REV-ERB␤ are very similar with a root mean square deviation of 0.16 Å obtained from a structural backbone superposition (Fig. 3A) . In contrast, similar to the heme-bound structure (11), significant differences are observed within the ligandbinding pocket between the apo and CoPP-bound forms of REV-ERB␤ (Fig. 3B) . One difference between these two structures involves residues Cys-384 and His-568, which are coordinated by the metal center of the porphyrin ring (Fig. 3C) . The position and the distance of Cys-384 to the metal center (2.34 Å) in the holo structures (heme and CoPP) are conserved. However, the distance between His-568 and the cobalt metal of CoPP is 0.14 Å longer than that for iron in the heme complex. A similar difference was observed for another heme-binding pro- JULY 18, 2014 • VOLUME 289 • NUMBER 29
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tein, hemoglobin, between the coordinating histidine residue and heme versus CoPP (30 -32) . It was posited that these structural changes in the CoPP-hemoglobin complex affect oxygen binding to hemoglobin with affinities 50 -100 times weaker compared with the iron-heme counterpart. It is possible that similar to hemoglobin, small structural arrangements in REV-ERB-LBD could affect corepressor recruitment and/or small molecule donor (e.g. NO or CO) binding (11, 24) , providing a potential mechanism for the antagonist activity of CoPP. Another structural difference between the complexes is the imidazole group of His-568, which deviates from the perpendicular plane of the metal center in the CoPP complex compared with the heme complex. In addition, the CoPP porphyrin ring adopts a planar conformation, in contrast to the planar, puckered conformation observed for the iron-based porphyrin ring (Fig. 3D ), suggesting that the CoPP ligand adopts a subtle but different conformation within the REV-ERB␤ ligand-binding pocket. This observation suggests that REV-ERB␤ is very sensitive and responds differently to accommodate different porphyrin ligands into the ligand-binding pocket and more importantly indicates that His-568 plays a major role in this response.
Helix 11 is one of the key structural elements for ligand binding and corepressor recruitment in REV-ERBs (11, 29, 33) . The subtle movement of His-568, which is involved in metal-porphyrin binding and positioned on helix 11, causes a concomitant shift of proximal residues resulting in an expansion of the ligand-binding pocket when bound to CoPP (12.59 Å) compared with heme (12.47 Å) (Fig. 4A ). Residues comprising this surface are involved in corepressor peptide binding, and in the crystal structure of REV-ERB␣-LBD in complex with NCoR1 (29) the analogous surface distance is narrower (11.05 Å). This suggests that a compacted ligand-binding pocket is needed to assist corepressor recruitment. The enlarged CoPP/REV-ERB␤-LBD could weaken and negatively affect corepressor recruitment in agreement with our functional findings above. (11)). D, CoPP adopts a planar conformation in the LBD of REV-ERB␤-LBD different from the non-planar, puckered distortion observed for the heme group.
D C
Thus ligands may control the open-closed conformation for corepressor recruitment of this surface.
Comparing the crystallographic B-factors in the CoPP and heme-bound structures also reveal flexible regions that could negatively affect corepressor recruitment. Because the CoPP and heme-bound structures were solved at a similar resolution (1.8 and 1.9 Å, respectively), this avoids uncertainty in determining the relative contributions from local dynamics and lattice disorder. Regions around helix 3, 7, and 11 display the highest B-factors for the CoPP complex compared with the heme complex (Fig. 4B ). This is supported by a detailed inspection of the CoPP and heme-bound REV-ERB␤-LBD structures. In the heme-bound structure, there is a well defined salt bridge between residues Glu-488 and Lys-492 (Fig. 4C ). This salt bridge interaction is absent in the CoPP-REV-ERB␤ complex due to the different conformation that Glu-488 adopts in the presence of CoPP. This salt bridge disruption imposes flexibility to helix 7 in the CoPP complex. In addition, Asn-566 and Glu-570 on helix 11 are in close proximity to each other in the CoPP complex (4.1 Å) and weakly connected by an electrostatic interaction (Fig. 4D) . In contrast, in the heme complex the side chain of Glu-570 flips, causing an increased distance between these two residues (5.9 Å) that disrupts this interaction. This ion pair interaction between Asn-566 and Glu-570 slightly moves helix 11 out of the ligand-binding pocket (open conformation) modulating the degree to which the corepressor-binding surface is expanded. Notably, in both the CoPP and heme complexes, there is clear electron density, indicating that Asn-566 can be modeled into two distinct conformations, c1 and c2 (Fig. 4D) , which may have a role controlling the open-closed conformation of helix 11. It is important to notice that these two residues are exposed to the solvent; however, the asparagine side chain (amide group) is not dissociable, and the glutamic acid side chain is negatively charged below pH 7, suggesting that their chemical properties are similar for the two complex structures (heme pH 7.6 and CoPP pH 8.5). (29)). B, B-factor colored surface represents CoPP and heme complexes. Helix 3, 7, and 11 display the highest B-factors in the CoPP structure and are increased compared with the heme complex. C and D, overview shows electrostatic interactions that might contribute to the antagonist function of CoPP. The disruption of the salt bridge interaction between Lys-492 and Glu-477 (C) in the CoPP/REV-ERB␤ may confer less rigidity to helix 7. An ion pair is formed between Asn-566 and Glu-570 (D) on helix 11 in the CoPP/REV-ERB␤ structure that is not present in the heme-bound complex. This electrostatic attraction exerts an arm moment in helix 11 that, considered with the increased distance between helix 3 and 11, may push 11 further away from the ligand-binding pocket. JULY 18, 2014 • VOLUME 289 • NUMBER 29
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Conformational Analysis of the REV-ERB␤-LBD by Solution NMR-We previously used NMR to demonstrate a dynamic mechanism by which ligands that bind to another nuclear receptor, PPAR␥, partially stabilize the PPAR␥ activation function-2 surface to provide full versus partial agonist activity (34) . Protein NMR analysis of apo-REV-ERB␤-LBD reveals that approximately half of the residues comprising the LBD are dynamic (flexible) on the intermediate NMR time scale and are not observed in the NMR experiments. Apo-PPAR␥ and RXR␣ also display a similar dynamic phenotype in the apo form (34, 35) , suggesting generally that the ligand-binding pockets of apo-ligand-regulated NR LBDs are conformationally dynamic.
REV-ERB␤-LBD in complex with heme and CoPP, which contain a paramagnetic metal ion center, caused severe NMR line broadening (data not shown), preventing us from undertaking a detailed NMR analysis to determine the structural and dynamic effects of these ligands on the REV-ERB␤-LBD. Some notable chemical shift differences are observed, but in addition to structural changes these could be caused by differences in the pseudocontact chemical shift arising from the different paramagnetic centers of heme versus CoPP. However, another porphyrin derivative identified in our screen, ZnPP, also binds to REV-ERB and functions as an antagonist. Unlike heme and CoPP, the zinc center is diamagnetic. We therefore used ZnPP to study the effect of porphyrin binding in general to the REV-ERB␤-LBD using NMR.
NMR data reveal significant NMR chemical shift changes for many residues in the REV-ERB␤-LBD between the apo and ZnPP-bound forms (Fig. 5A ). This is consistent with the large structural changes observed in crystal structures of REV-ERB␤ in the apo form compared with structures bound to porphyrin ligands. The large structural changes manifest as different chemical environments in the NMR data, likely due to the large surface area occupied by the porphyrin ring in the REV-ERB␤ ligand-binding pocket. A comparison of the residues stabilized from intermediate exchange in the apo form would give insight into whether ZnPP binding significantly stabilizes the REV-ERB␤-LBD. Compared with resonances visible in the apo-REV-ERB␤ NMR data (Fig. 5B) , several new NMR resonances are observed in the ZnPP-bound complex that appear to be missing in the apo form (Fig. 5C ). Still, not all resonances missing in the apo form are observed. Furthermore, most of the new NMR resonances in the ZnPP-bound complex have lower peak intensities, making it difficult to assign these new resonances confidently. The low peak intensities for these new resonances could be due to the low micromolar binding affinity of porphyrin derivatives for REV-ERB under the conditions of our study. Binding events that occur in this affinity regime show intermediate exchange or line broadening in the NMR data because the rate of interconversion between the free and bound states (k ex ) during the detection period of the NMR experiment is similar to the chemical shift difference (⌬v) of the resonance frequencies of the two states (v free and v bound ). Although a comparison of the magnitude of the chemical shift change would indicate that in residues sensitive to ZnPP binding, ring current effects caused by the porphyrin ring scaffold would overestimate the analysis of a strict chemical shift perturbation analysis. However, significant NMR chemical shift perturbations between the apo and ZnPP-bound forms are quite apparent for residues with NMR chemical shifts within a well resolved "fingerprint" region in the NMR data comprised mostly of glycine residues (Fig. 5D ). Residues near the porphyrin-binding pocket displaying significant chemical shift changes between apo and ZnPP-bound forms in this fingerprint region include Ser-452, Thr-460, Gly-465, Gly-478, and Gly-480. Another structural area that displays large chemical shift changes is the end of helix 11, which forms part of the porphyrin-binding site. These results are in agreement with the observations in the crystal structure of the CoPP-bound REV-ERB␤ complex. In the apo-REV-ERB␤-LBD structure, the end of helix 11 is buried into the ligand-binding pocket. Binding of a porphyrin ligand displaces the end of helix 11 from the ligandbinding site. Residues on helix 11 N-terminal to Leu-572 and Leu-573 in the ZnPP and apo forms, respectively, are not observed in the NMR data. In the apo form, this is likely due to conformational exchange on the intermediate NMR time scale due to a dynamic ligand-binding pocket. However, in the case of the ZnPP complex, these missing resonances could be due to intermediate exchange caused by ligand exchange kinetics for a porphyrin with micromolar binding affinity.
In addition to the significant NMR chemical shift changes for residues within or near the ligand-binding pocket, a number of more modest chemical shift changes are observed from residues further away from the ligand-binding site. Interestingly, for some of the residues that display modest chemical shift changes, no major structural differences are observed in crystal structures of apo versus porphyrin-bound REV-ERB␤-LBD. This suggests that NMR is more sensitive to subtle structural perturbations that occur upon porphyrin binding than that observed in the crystal structures or detects structural states not present in the crystal structure. One surface remote porphyrin-binding site that is affected by porphyrin binding is the loop between helix 3 and 4 (loop 3-4), as well as the loop between helix 8 and 9 (loop 8 -9) (Fig. 5E ). The NMR resonance for Glu-520 is shifted downfield with a 1 NH chemical shift of 11.3 ppm in the apo form. This unique chemical environment, far removed from the other backbone NH NMR resonances, is likely due to a strong hydrogen bond observed in the REV-ERB␤ structure between the backbone amide of Glu-520 in loop 8 -9 and the side chain carboxyl of Asp-433 at the beginning of helix 4. ZnPP binding causes a chemical shift perturbation of the Glu-520 and Asp-433 resonances, as well as significant line broadening of the Glu-520 resonance resulting in lower peak intensity that suggests a change in the dynamics of loop 8 -9 in response to porphyrin binding.
DISCUSSION
REV-ERBs function as transcriptional repressors by recruiting nuclear receptor corepressor (NCoR)-HDAC3 complexes to REV-ERB response elements in enhancers and promoters of target genes. REV-ERB agonists, such as the endogenous porphyrin heme or synthetic agonists, function by increasing the transcriptional repression of REV-ERB target genes. Here, we determined that two porphyrin ligands, CoPP and ZnPP, function as antagonists of REV-ERB. We recently demonstrated that synthetic REV-ERB agonists reduce body weight in dietinduced obese mice (15) , and it is therefore interesting that CoPP has also been shown to have an anti-obesity effect in vivo (36) . However, CoPP appears to display complex pharmacology where it is also an inducer of HMOX1 expression (27) , and the induction of HMOX1 has been suggested as the mechanism by which CoPP displays its anti-obesity activity (16) . Given that CoPP induction of HMOX1 activity would also be associated with an alteration of heme levels and thus alter REV-ERB activity indirectly, we were careful to characterize the direct interaction of CoPP with REV-ERB as well as modulation of REV-ERB interaction with corepressor in our studies. One would expect induction of HMOX1 by CoPP to reduce intracellular heme levels leading to a decrease in REV-ERB-mediated transcriptional repression. This created potential issues with determining the REV-ERB antagonist activity of CoPP in cells, but we addressed this by providing a saturating amount of a synthetic agonist, SR9011, and demonstrated that CoPP could antagonize the action of the synthetic agonist. Furthermore, CoPP and ZnPP have opposite effects on HMOX1 activity, but we demonstrate that both porphyrins function as REV-ERB antagonists, further supporting that our observations are REV-ERB-dependent.
Particularly intriguing is that antagonists CoPP and ZnPP differ from the natural agonist heme only at the point of the metal ion that is coordinated by the porphyrin ring; and despite this fact REV-ERB function is affected differently when these different ligands are bound to it. Binding of CoPP to REV-ERB␤ causes only subtle conformational changes within the crystal structure of the REV-ERB␤-LBD. Somehow, binding of CoPP leads to diminished affinity for corepressors, resulting in loss of the receptor transcriptional repressor activity. CoPP increased the B-factor of some residues compared with the heme-bound complex that likely contact a corepressor peptide if bound in the mode observed in a REV-ERB␣ crystal structure (29) . Increased B-factors can indicate increased conformational dynamics, which could affect corepressor binding. What still remains a quandary is the discrepancy between cell-based assays and biochemical assays in assessing the function of heme. Heme acts as an endogenous agonist of REV-ERB, which means heme increases the ability of REV-ERB to repress target gene expression through increasing binding of corepressors such as NCoR to REV-ERB target genes (10, 25) . However, biochemical and structural studies appear to contradict this, as heme and other porphyrins displace a NCoR peptide from REV-ERB, and the crystal structure of REV-ERB␣ bound to NCoR was determined in the absence of ligand.
Perhaps these structure-function differences are a result not of porphyrin binding solely, but rather subsequent modifications of porphyrin-bound REV-ERB via redox conditions and small molecule gases. Several models have been suggested for the regulation of REV-ERB activity, and a Drosophila ortholog of the human REV-ERB nuclear receptors, E75, by redox conditions and small molecule gases (11, 24, 37) . In the Fe(III) state, a six-coordinate heme-receptor complex is formed involving Cys-384 and His-568 residues (referred to as heme "ligands") and, upon reduction to Fe(II), the Cys-384 ligand is replaced by another neutral donor ligand to form a six-coordinate species or can exist as a five-coordinate species with only the His-568 ligand. It is to these reduced forms that NO and CO bind via the neutral, or non-His-568, ligand site. In cell-based assays, addition of NO or CO reduces the repressive transcriptional activity of REV-ERB.
This type of ligand switching mechanism has been observed in other gas sensor proteins that contain a prosthetic heme ligand, including cystathionine ␤-synthase (38, 39) , soluble guanylate cyclase (40) , H-NOX domain-containing proteins (41) , and the CO sensing transcription factor CooA (42, 43) . In general, several features are thought to coordinate structurefunction responses in these heme sensors, including the coordination chemistry of the porphyrin metal center, the conformation of the porphyrin ring, and the dynamics of the ligand-binding domain, all of which allows these proteins to sense and react to different chemical environments. Given the chemical diversity of the metal center of heme, CoPP and ZnPP, it is feasible to suggest that differences in ability of these metal centers to respond to redox conditions and small molecule gas binding to REV-ERBs may impart different conformational changes that affect function. For example, in hemoglobin substitution of the heme iron metal center for other non-iron metals, including Mn and Zn, does not allow CO binding to hemoglobin (44) likely because these non-iron porphyrin analogs are unable to bind a sixth ligand and therefore do not readily interact with small molecule gases (45) . Co-substituted porphyrin can bind O 2 , albeit with significantly lower affinity than heme (44) , and can also bind NO (46) but not CO (32, 47) . In another heme-regulatory sensor, the H-NOX protein from Thermoanaerobacter tengcongensis (Tt H-NOX), mutations that resulted in a more flattened heme porphyrin ring changed the activity of H-NOX, indicating an important role for porphyrin ring conformation in H-NOX function. Also related to this, in hemoglobin the heme porphyrin ring is non-planar (puckered) in the absence of O 2 , but upon O 2 binding it forms a planar ring. The heme-bound REV-ERB␤ structure also shows a non-planar, puckered ring conformation (11) . If small molecule gas binding to heme-bound REV-ERB forms a planar ring, as does the nongas bound form of CoPP, this would support a model by which the porphyrin ring conformation is involved in regulating REV-ERB activity. It is also possible that in the absence of gas the planar conformation of CoPP, compared with the puckered conformation of heme, may also play a role in negatively regulating the activity of REV-ERB.
Gas binding to a heme sensor transcription factor provides a means to coordinate gas levels to gene expression. For example, the transcriptional activity of the bacterial transcription factor CooA is affected both by redox conditions and CO levels. When bacteria are deprived of ligand and oxygen, CO levels increase, allowing CO to bind and activate heme-CooA, resulting in an increase in the expression of enzymes that oxidize CO (active on CooA) to CO 2 (inactive on CooA) thus forming a negative feedback regulatory loop (48) . Another example of how gas binding can affect transcription is in the bacterial two-component signal transduction system involving the heme sensor kinase FixL and the response regulator transcription factor FixJ. FixL is a sensor that binds O 2 reversibly to affect the activation of FixJ via phosphorylation to regulate the expression of genes with roles in nitrogen fixation and respiration (49) . Although FixL can bind a variety of diatomic gases, including CO and NO, FixL uses a specific structural mechanism involving an Arg side chain within the heme-binding pocket to discriminate among these ligands to functionally respond to O 2 only (50). However, in contrast to gas binding activating CooA, O 2 binding to FixL inhibits its activity. In both of these cases for CooA and FixL, though, it is not heme binding itself that regulates these functions, but rather gas binding events and redox conditions that control output activity.
Intriguingly, both phase and period of the circadian rhythm are controlled by NO (52) , and due to the transcriptional roles REV-ERBs in regulating circadian rhythm (15) this further suggests a functional role for small molecule gas binding to REV-ERB and has been previously proposed (11) . Our studies using CoPP and ZnPP, which likely respond differently to, or do not bind some, small molecule gases (44, 51) suggest that modifying the ability of the porphyrin-REV-ERB complex to bind small molecule gases may change REV-ERB function. The next structural mechanism to be tested should determine differences in how the bound metal-porphyrin responds to small molecule gases may play a role in the regulation of REV-ERB activity. Obtaining crystal structures of REV-ERB under different redox conditions and in the presence of small molecule gases is more technically challenging (11, 37) but something that we are pursuing. These future studies could provide insight into a potential structural mechanism by which redox conditions and small molecule gases play a role in the differing activity of heme and CoPP/ZnPP on REV-ERB function.
